The band structure, quantum confinement of charge carriers, and their localization affect the optoelectronic properties of compound semiconductor heterostructures and multiple quantum wells (MQWs). We present here the results of a systematic first-principles based density functional theory (DFT) investigation of the dependence of the valence band offsets and band bending in polar and non-polar strain-free and in-plane strained heteroepitaxial In x Ga 1-x N(InGaN)/GaN multilayers on the In composition and misfit strain. The results indicate that for non-polar m-plane configurations with ½1 210 InGaN //½1 210 GaN and ½0001 InGaN //½0001 GaN epitaxial alignments, the valence band offset changes linearly from 0 to 0.57 eV as the In composition is varied from 0 (GaN) to 1 (InN). These offsets are relatively insensitive to the misfit strain between InGaN and GaN. On the other hand, for polar c-plane strain-free heterostructures with ½10 10 InGaN //½10 10 GaN and ½1 210 InGaN //½1 210 GaN epitaxial alignments, the valence band offset increases nonlinearly from 0 eV (GaN) to 0.90 eV (InN). This is significantly reduced beyond x ! 0.5 by the effect of the equibiaxial misfit strain. Thus, our results affirm that a combination of mechanical boundary conditions, epitaxial orientation, and variation in In concentration can be used as design parameters to rapidly tailor the band offsets in InGaN/GaN MQWs. Typically, calculations of the built-in electric field in complex semiconductor structures often must rely upon sequential optimization via repeated ab initio simulations. Here, we develop a formalism that augments such first-principles computations by including an electrostatic analysis (ESA) using Maxwell and Poisson's relations, thereby converting laborious DFT calculations into finite difference equations that can be rapidly solved. We use these tools to determine the bound sheet charges and built-in electric fields in polar 
I. INTRODUCTION
The light-emitting-diode (LED) lighting industry has undergone a significant growth in the past decade primarily due to the development of devices using In x Ga 1-x N (InGaN)/ GaN/AlGaN heterostructures, relying upon detailed band structure analysis to continually improve luminosity and efficiency, while reducing fabrication costs. 1, 2 InGaN alloys are miscible in the solid state 3 and have the prototypical wurtzite (P6 3 mc) structure for their end components InN and GaN. Due to the non-centrosymmetric arrangement of In, Ga, and N atoms in this crystal structure, an InGaN crystal has a spontaneous polarization and is piezoelectric. The band gap (E g ) of the InGaN alloy varies from 0.7 eV (InN) to 3.4 eV (GaN) and covers the entire visible light spectrum and beyond. Depending on the In composition, violet, blue, green, yellow, and red light emissions can be realized in InGaN-based thin films and one-dimensional nanowire heterostructures. 1, 2, 4 To improve the optoelectronic efficiency of such constructs, active multilayers are fabricated as InGaN/ GaN multiple quantum wells (MQW) on suitable substrates. The discontinuities in the conduction and valence band edges in such configurations result in quantum confinement and localization of electrons and holes at hetero-interfaces. These phenomena play a critical role in determining device performance because optoelectronic properties of InGaN MQWs are directly related to the degree of band offsets at the InGaN/GaN interfaces. 5 Experimentally, the band offsets in InGaN/GaN heterostructures have been investigated extensively via a wide variety of techniques, including X-Ray photoemission spectroscopy (XPS), photocurrent spectroscopy, internal photoemission measurements, and capacitance-voltage measurements. [6] [7] [8] [9] [10] [11] [12] These studies focus mainly on [0001] InN/GaN heteroepitaxial films consisting of an InN capping layer on thick GaN substrates/templates. [6] [7] [8] [9] [10] [11] The c-plane cut corresponding to [0001] epitaxy is more commonly used than the non-polar and semi-polar orientations because of the ease of availability of single crystal substrates, such as sapphire, onto which these multilayers can be grown.
The measured values of InN/GaN valence band offset (DE V ) from such structures show a large disparity. DE V is relatively large (0.8À1.1 eV) for capping layers with high defect densities 6 or for relatively thicker capping layers (>200 nm) 8, 11 compared with cases where ultrathin capping layers ($5 nm) with a high crystal quality are used (0.5-0.6 eV). 7, 10 This is understandable since the electronic structures of InN and GaN change significantly as functions of crystal orientations, in-plane misfit strain, and defect microstructures (misfit and threading dislocations, impurities, phase/grain boundaries, etc.). We also note that for InGaN/GaN MQWs with polar and semi-polar orientations, the strong band bending due to the large built-in electric field, on the order of a few MV/cm, 13 resulting from the polarization difference between adjacent layers must be taken into account.
Density functional theory (DFT) has been employed to investigate the band offsets between InGaN and GaN in the wurtzite structure. [14] [15] [16] These studies mainly focus on InN/ GaN band offsets, 14, 15 although InGaN/GaN MQWs are more commonly used in device applications. The purpose of considering only the binary heterostructures is to reduce the computational cost because InN can be simulated using a relatively small unit cell containing 4 atoms, whereas a disordered InGaN alloy requires a much bigger unit cell (with at least 16 atoms) to properly reproduce its bulk properties. [16] [17] [18] Recent results by Moses et al. 16 show that DE V of InGaN/ GaN at the ð10 10Þ m-plane interface is a linear function of the In concentration, x, in the InGaN alloy from 0 eV (GaN) to 0.62 eV (InN). These calculations are based on the DFT method supplemented by modern hybrid Heyd-ScuseriaErnzerhof (HSE06) functionals and utilize InGaN unit cells having 16 or 32 atoms for In concentrations of x ¼ 0.25, 0.5, and 0.75. 16 Moreover, the selection of the non-polar m-plane epitaxy allows carrying out relatively easier computations in which it avoids consideration of the polarization mismatch at the interlayer interfaces. To further simplify the calculations, the analysis is limited to natural band alignments corresponding to strain-free (and unconstrained) InGaN and GaN in the InGaN/GaN MQW constructs. Because GaN-based materials are often deposited on appropriate substrates with a c-alignment direction, 19 it is necessary to expand such a theoretical method to InGaN/GaN MQWs with polar interfaces. Obviously, m-and c-plane orientations have different atomic arrangements (and hence different surface terminations), producing different magnitudes of in-plane misfit strains. As such, these factors need to be incorporated into a theoretical analysis to determine band offsets more accurately, which is the topic of the present paper.
We utilize first-principles calculations to systematically analyze DE V and band bending as a function of composition in heteroepitaxial undoped InGaN/GaN MQWs on m-plane and c-plane GaN substrates in the presence of in-plane misfit strain. InGaN ternary alloys are treated by relatively large unit cells having 32 atoms for seven In compositions, namely, x ¼ 0.125, 0.25,…, 0.875. We show here that DE V for the m-plane epitaxy displays a linear increase as x varies from 0 to 1 and is relatively insensitive to in-plane misfit strain, while DE V for c-plane epitaxy increases non-linearly in the entire composition range and is significantly lower than the corresponding strain-free value for x ! 0.5. For polar InGaN/GaN MQWs, our results indicate that the nonlinear coupling between the in-plane misfit strain and the piezoelectric polarization plays an important role in the extent of band bending within the ultrathin interlayers of such constructs. We also carry out a macroscopic continuum level electrostatic analysis (ESA) based on Maxwell and Poisson's relations to describe the built-in electric field. To determine the polarization in the layers, we employ first-and higherorder piezoelectric coefficients of bulk InGaN and GaN that are determined through DFT. The field strengths obtained from ESA are in good agreement with the results obtained from atomic level DFT calculations with differences usually less than 1 MV/cm, indicating that standard ESA 14 with nonlinear piezoelectric coupling can provide a powerful means of predicting band banding without a detailed DFT analysis. 18 These structures were also utilized to calculate the polarization and elastic and piezoelectric coefficients of bulk InGaN. 18 In this study, these unit cells are employed to determine DE V between InGaN and GaN under four different mechanical boundary conditions [see Fig. 1 
where u 1 is the equi-biaxial in-plane misfit strain, and u 3 is the out-of-plane stress-free strain. The specific values of the strains in Eqs. (1) and (2) are provided in Table I as a function of the In concentration. DFT calculations are carried out using projector augmented wave pseudo-potentials 21 and plane-wave expansions with a cutoff energy of 400 eV as implemented in the VASP code. 22 The Ga 3d and In 4d electrons are included in their valence states, respectively. The exchange-correlation functional is treated within the PW91 generalized gradient approximations (GGA). 23 We note that while GGA does not predict accurately the absolute band gap energy of semiconductors, 24 the energy difference in the valence band edge of InGaN and GaN (i.e., DE V ) is relatively insensitive to the choice of exchange-correlation functional 16 and, therefore, is a powerful approach to band offset calculations. For example, we show in Sec. III that the strain-free DE V at the m-plane InGaN/GaN interfaces calculated by GGA is in excellent agreement with previous results 16 produced by the time-intensive hybrid functional HSE06. 25 Thus, the relatively simpler GGA is used for all such calculations in this study. The spontaneous polarization and piezoelectric coefficients of bulk GaN and InGaN are determined by the Berry phase approach as described elsewhere. 18, 20 The static dielectric constants are calculated via the density functional perturbation theory as embedded in the VASP code. 26 In bulk computations, a 9 Â 9 Â 6 and 3 Â 6 Â 6 C-centered k-point mesh in the first Brillouin zone is found to yield well-converged results for GaN (InN) and InGaN. The number of k-points is reduced to 1 along the stacking direction of all structures shown in Fig. 2 . The atomic positions are optimized until all components of the forces on each atom are reduced to values below 0.02 eV/Å .
III. BAND OFFSETS FOR m-PLANE INTERFACES
We begin the analysis of DE V with the non-polar undoped m-plane InGaN/GaN interfaces, which are relatively simple to compute due to the absence of polarizationinduced charge at the interfaces. We first assume both InGaN and GaN are fully relaxed (strain-free) as in thick layers, corresponding to the mechanical boundary condition (1) 
where I GaN and I InGaN are the ionization energies of GaN and InGaN, respectively. To derive an expression for I GaN , we employ a three-step process for the m-plane GaN stack shown schematically in Fig. 2(a) . First, we calculate its electrostatic potential with 3-dimensional periodic boundary conditions. Next, the potential is averaged within each m-plane cross-section, which, we find, demonstrates an oscillatory "bulk-like" pattern in the GaN region and a flat band, i.e., U Vac in the vacuum region [see the dashed curve in Fig.  3(a) ]. The potential is further averaged over the length of one GaN unit cell along the ½10 10 direction [shown as the solid line in Fig. 3(a) ], leading to a volumetric average of the GaN potential energy (U GaN ) at the center of the GaN slab. Finally, I
GaN is found by identifying the position of E GaN V in the same figure. This is easily done since the difference between E GaN V and U GaN can be determined by a separate calculation that only involves bulk GaN. The above process is similarly applied to InGaN for x ¼ 0.25, 0.5, 0.75, and 1. Based on these values, DE V for a strain-free InGaN/GaN heterostructure is calculated using Eq. (3) and is found to vary almost linearly from 0 eV to 0.57 eV as the In composition x increases from 0 to 1 (see Fig. 4 ). Our results from the relatively simple GGA agree well with those of a previous DFT study using the HSE06 functional. 16 In the above analysis, both GaN and InGaN are considered to be strain-free and unconstrained. However, the electronic structure of a heterostructure or MQW is very sensitive to misfit strain, 5 which arises from the lattice mismatch between the film and the substrate and/or between adjacent layers. To assess the effect of strain in non-polar InGaN/GaN MQW structures, we investigate pseudomorphic (InGaN) 6 /(GaN) 6 superlattices on m-plane GaN substrates [ Fig. 2(c) ]. The electrostatic potential of such a superlattice is first averaged over the unit cell length of the strain-free GaN along the ½10 10 direction and then along the strained InGaN, respectively, to find out the relative positions of U GaN and U InGaN [ Fig. 3(b) ]. E were determined per Fig. 3(b) without reference to the vacuum energy level. Such a procedure has been applied to other non-polar lattice mismatched heterostructure materials systems, including Si/Ge and GaAs/InAs. 27, 28 The calculated DE V in the epitaxial mplane superlattices does not display a large deviation from the corresponding strain-free values for x ¼ 0.25, 0.5, and 0.75 (Fig. 4) .
IV. BAND OFFSETS FOR c-PLANE INTERFACES
Polar c-plane InGaN/GaN heterostructures and MQWs are important as they lend themselves to practical applications in devices, such as LEDs and lasers, because to large extent the substrates for c-plane epitaxy (e.g., sapphire) are relatively inexpensive and the growth techniques are better developed than those in nonpolar or semi-polar orientations. 29 To compute DE V between (0001) InGaN and InN layers, the constructs in Figs Fig. 2(a) , and in (b) a In 0.5 Ga 0.5 N/GaN MQW on an m-plane GaN substrate as shown in Fig. 2(c) . of GaN/vacuum or InGaN/GaN interface positions in Fig. 5 . In fact, the interfaces span a narrow region (usually within 2 Å in Fig. 5 ) in which the electrostatic potential changes continuously. Nevertheless, abrupt interface conditions and the corresponding band offsets are favored for designs at larger length scales (lm or higher) in order to simplify the simulations. Thus, to determine the optimal positions of the left and right interface planes, we first identify a folding plane between the two interfaces (z 0 in Fig. 5 ). For this purpose, we follow the methodology developed by Bernardini and Fiorentini for polar (0001) AlN/GaN superlattices 30 and utilize the bound charge density (q D ) that results from the polarization mismatch between GaN and vacuum or between InGaN and GaN. From Fig. 5 , one can see that q D is primarily distributed across the interfaces, permitting us to decompose q D into odd and even terms, i.e., a monopole and dipole distribution (q 
The optimal position for z 0 is chosen so that the dispersions of the monopole and dipole moments (
dz, respectively) are minimized near the interfaces. 30 Such a criterion results in continuously varying functions and prevents the occurrence of computation singularities. Subsequently, the optimal positions of the interface planes in Fig. 5 are given as z 0 60.5L GaN , where L GaN is the thickness of GaN region. It is interesting to note that in Fig. 5(a) , the calculated potential offsets at the left and right interfaces are unequal, due to the asymmetric surface terminations of the GaN slab, i.e., the left and right c-plane surfaces are terminated with a pure Ga and N atomic layer, respectively. Similar phenomena occur in InGaN/GaN superlattices [ Fig. 5(b) ] because the left and right interfaces are composed of N-Ga bonds and N-(In, Ga) bonds, respectively. The average of the two potential offsets is used throughout the calculations to determine DE V . In both strain-free InGaN/GaN bilayers and epitaxial MQWs on GaN substrates, DE V increases nonlinearly (Fig. 6 ) as x varies from 0 (GaN) to 1 (InN). DE V in pseudomorphic (0001) InGaN/GaN superlattices is reduced compared with the corresponding strain-free value. The decrease in DE V for InGaN/GaN superlattices can be attributed to the dependence of the band structure of InGaN on the lattice deformation. The compressive equi-biaxial misfit strain u 1 and the commensurate out-of-plane strain u 3 shift the valence band edge of InGaN down from its strain-free energy level. As the In concentration increases, u 1 in InGaN grows as well from 0 (x ¼ 0, GaN) to À10% (x ¼ 1, InN) per Vegard's law (Table I) . Therefore, the decrease in DE V becomes more significant for higher In compositions (x ! 0.5).
The hole wave-functions and an accumulation of 2-dimensional electron and/or hole gases at the interlayer interfaces. Hence, the built-in electric field is an important parameter that affects the electronic and optoelectronic properties of polar InGaN/GaN MQWs.
The built-in electric field in the polar InGaN/GaN MQWs can be obtained from the slope of the DFT-calculated electrostatic potential shown in Fig. 5(b) . This approach is nonparametric, meaning that it does not refer to the existing knowledge of properties of InGaN or GaN. It is based on the quantum mechanical description of the atomistic interactions in such InGaN/GaN MQWs, and provides the most reliable description of the electrostatic conditions in such ultra-thin multilayer structures. However, such DFT calculations are extremely time-intensive compared with continuum level modeling. We develop here an ESA for epitaxial (0001) InGaN/GaN MQWs on GaN substrates to confirm the internal electric fields and bound charge density obtained via DFT [ Fig. 5(b) ]. Such an ESA keeps the precision as high as DFT calculations while it significantly reduces the computational cost for future device designs because it only takes the bulk materials properties of InGaN and GaN as input parameters. Unfortunately, some key parameters, such as the spontaneous polarization and piezoelectric coefficients of InGaN, have not been measured experimentally. These are provided through our DFT calculations of bulk InGaN and GaN.
To start off the ESA, we assume that GaN barrier layers are strain-free and the total polarization in GaN is equal to its spontaneous polarization (P (Table II) . While most device simulations assume a linear (first-order) coupling between the polarization and strain, recent theoretical and experimental findings indicate that second-order piezoelectric coupling may be significant in the III-nitrides semiconductor family of AlN, GaN, and InN and their alloys. 31, 32 In our methodology, the polarization for bulk InGaN under the strain condition given by Eq. (2) is obtained through DFT calculations based on the Berry-phase approach. Our results show that P InGaN PZ can be described via
where A and C are the first-order and B and D are the second-order piezoelectric coefficients, respectively. These are obtained from our DFT computations for all seven In compositions considered in this study and are provided in Table II along Built-in electric fields arise from the polarization mismatch between the barrier and well layers in the polar MQWs. At finite temperatures, the electric fields produce two-dimensional electron and/or hole accumulation at the interlayer interfaces. DFT calculations are performed at 0 K and to be able to compare these results to ESA, the inherent assumption in the calculations that follow is that all carriers are frozen and there are no free charges at the interfaces. Under these conditions, the relevant Maxwell's equation
where D is the total electric displacement, e 0 is the permittivity of vacuum, j GaN (j InGaN ) is the static dielectric constant of GaN (InGaN), and E GaN (E InGaN ) is the built-in electric field in the GaN (InGaN) layer. j GaN and j InN obtained by our DFT calculations (11.71 and 15.28, respectively) are in agreement with experimental results (10. 4 and 14.4, respectively). 33, 34 Our computations also show that j InGaN varies almost linearly from 11.71 to 15.28 as x increases from 0 (GaN) to 1 (InN).
The DFT potential profile of the (0001) InGaN/GaN superlattice shown in Fig. 5(b) is obtained using standard 3-dimensional periodic boundary conditions. In the continuum limit, the total electrical potential in an open circuit condition along the [0001] direction is
where L GaN and L InGaN are the thicknesses of GaN and InGaN layers, respectively, and are given by L GaN ¼ 3c are the lattice parameters of bulk GaN and InN along the [0001] direction, respectively. Also entering Eq. (7) are DU 1 and DU 2 which correspond to the potential offsets at the left and the right interfaces, respectively. Combining Eqs. (6) and (7), E GaN is obtained as follows:
In Eq. (8), the second term of the numerator is much smaller compared with the first term for all seven In compositions chosen. Therefore, Eq. (8) can be simplified as follows:
Similarly, Based on the built-in electric fields, the total polarization in GaN and InGaN layer is given by
Combining Eqs. (6) and (11), the polarization mismatch at the interlayer interfaces, i.e., the bound sheet charge density (r D ) is
The ESA calculated built-in electric fields and the bound sheet charge densities are given in Table III . There is an excellent agreement between ESA and atomic-level DFT computations. The accuracy of ESA in this study is significantly improved by taking into account second-order piezoelectric coupling established via DFT when compared with a previous theoretical study for (0001) InN/GaN MQWs that only considers first-order piezoelectric coefficients. 14 We note that at temperatures above 0 K, internal electric fields due to the bound sheet charges may partially be screened by the formation of 2-dimensional electron/hole gases at the interfaces. The density of such free carries or the density of the 2-dimensional electron gases in epitaxial c-plane InGaN/GaN MQWs has been determined using empirical relations taking into account the bound charge density, relative position of Fermi Energy, and the conduction band offset. 13 
VI. DISCUSSION AND CONCLUSIONS
The results regarding the role of mechanical boundary conditions and the compositional variations on the band bending and band offsets in InGaN/GaN MQWs have several implications related to how optoelectronic properties of such constructs can be optimized by tuning DE V . The valence band offset increases with In concentration in InGaN/GaN superlattices regardless of the mechanical boundary conditions and those associated with epitaxial growth. While this is a well-known result, this general conclusion provides a sanity check for the theoretical approach, providing confidence that the analysis is able to meet the basic experimental observations. For In compositions x < 0.5, our calculations show that nonpolar and polar MQWs yield similar DE V values. The valence band offset is enhanced in the case of a polar c-plane orientation for In concentrations larger than 0.5, where field effects due to the polarization must be accounted for. For non-polar m-plane InGaN/GaN MQWs, the role of epitaxial strains, which increases with increasing In concentration according to Vegard's law, has a very little effect on DE V for x < 0.8. On the other hand, the difference between the valence band offset of strained and stress-free c-plane MQWs is substantial, especially for relatively large In concentrations (x > 0.5).
An important conclusion of the above findings is that a combination of mechanical boundary conditions (constrained vs. unconstrained), choice of orientation, and the In concentration are important levers in the design parameters of unique optoelectronic devices. To that end, we note that the in-plane misfit strain in pseudomorphic heteroepitaxial InGaN/GaN superlattices considered in this study from both atomistic and continuum level simulations can reach as high as 10% (InN/GaN). For c-plane epitaxial conditions, our results suggest that for InGaN/GaN with high In concentration, the in-plane misfit strain reduces DE V and thus increases the conduction band offset, resulting in an enhancement in quantum confinement for conduction electrons and hence the electronic properties of MQWs, where coupling to the confined 2-dimensional gas can possibly lead to new devices with substantially improved properties. However, such an extremely high internal strain would (if not controlled through careful materials tailoring) certainly be relaxed via the formation of defects (misfit dislocations, delamination, and cracking) for film thicknesses larger than a few unit cells. A straightforward application of the Matthews-Blakeslee (MB) criterion 35 shows that for 0.05 x 0.3, the critical thickness for misfit dislocation formation varies from 20 nm to 2 nm and from 100 nm to 15 nm for an epitaxial InGaN layer on c-and m-plane GaN substrates, respectively. 36, 37 For higher In concentrations, the MB critical film thickness is even smaller, of the order of one unit cell. The formation of interfacial dislocations may partially or fully relax the in-plane misfit strain, reducing the magnitude of built-in electric fields within the multilayer structure. Their actual values may vary depending on the strain state and the defect microstructure of the specific MQWs.
The internal electric fields caused by the polarization mismatch and the strain due to the lattice mismatch are volumetric quantities. While the introduction of dislocation network results in global relaxation of the mechanical strains, it also produces localized strain fields of the order of the characteristic length of dislocations (magnitude of the Burgers vector). In a piezoelectric medium, spatial variations in stress/strain conditions immediately generate localized electrostatic fields around the defects. 38, 39 A previous theoretical study by Shi et al. has shown that defect induced charge densities at the surfaces of GaN may reach up to 10 11 e/cm 2 within a distance of 100 nm from the dislocation core. 40 As a result, optoelectronic properties of InGaN/GaN-based devices would actually be degraded because of the inelastic scattering of free carriers from the charged defects. 41, 42 For such superlattices, our results show that DFT and ESA can be used to determine the band offset DE V , the internal electric fields, and the bound sheet charge density r D quite accurately. It is also important to note that high-quality (0001) InGaN/GaN superlattices that are vertically aligned in one-dimensional nano-rod constructs can be synthesized via MOCVD and hydride vapor phase epitaxy with In concentrations x > 0.15. 43, 44 However, this configuration corresponds to a different set of mechanical boundary conditions compared with the thin film structures considered in this report. Smaller internal strains and lower defect densities can be achieved in such nanostructures because of the elimination of the 2-dimensional mechanical constraint imposed by the substrate and an increase in surface area made possible by the nano-rod geometry which acts as a sink for point and line defects.
In conclusion, we have carried out ab initio calculations based on DFT and a basic electrostatic analysis to study the valence band offsets and band bending for non-polar m-plane and polar c-plane InGaN/GaN heteroepitaxial MQWs. The atomistic DFT computations and the macroscopic ESA are in excellent agreement, providing experimentalists predictive and self-consistent tools for such a multilayer construct with ultrathin InGaN and GaN layers. Our results show that the valence band offset may be engineered through a combination of variables, including mechanical boundary conditions, epitaxy, and In concentration. Since the electronic band structure of InGaN/GaN heterostructures and quantum wells can be completely characterized by band offsets and internal electric fields, the results of this research can be directly applied in the design of current and potential electronic and optoelectronic devices based on these material systems to achieve optimal device performance.
